INTRODUCTION
The temperate bacteriophage P2, originally isolated from the LISBONNE strain of Escherichia coli (Bertani, I950 , has been used in genetic studies of the lysogenic host-virus relationship, as the prototype of non-inducible phages (see Bertani, I968 ) . Phage P2, like some other phages, requires calcium ions for optimal adsorption. By varying the concentration of calcium in the medium, we were able to recognize several types of phage mutants which have been or are now being used as tools in genetic work of various nature, and are described here from the physiological point of view.
METHODS
Bacteriophage. P2 (Bertani, I95I) . The derivation of mutants is described or referred to under Results.
Host bacteria. Escherichia coli strain c. Derivatives: c-85 (prototrophic, F +, streptomycin resistant) or c-Io55 (polyauxotropic, F +, streptomycin resistant) as the standard indicators, and c-I a (Sasaki & Bertani, I965) . Shigella dysenteriae (sh of Bertani, I950. Standard phage titration (soft agar layer technique) was performed on a nutritionally rich agar, LB agar (Bertani, I95I) , with, for all phages except P2 cai, 2'5 × Io -3 MCaC12. Unless stated otherwise, LB broth (Bertani, 1951) was used, and all incubation was at 37 ° . For dilution, before plating, broth diluted into saline was generally used.
The calcium concentration in agar or broth was varied as needed in the various tests.
To reduce the effective calcium ion concentration below that which may be already present in the medium, various amounts of sodium citrate were added. The concentrations of calcium chloride and sodium citrate used are expressed in units of IO -3 M, preceded by a + for the former, and by a -for the latter. For example, the standard nutrient agar mentioned above is indicated as +2"5 agar, o agar is nutrient agar without additions. For assaying P2 cai, -20 agar was used. It is important to stress that these concentrations have only relative value, since the complex medium used most probably already contains some calcium and chelating agents. To reduce this For titration on synthetic medium, Davis (minimal) agar medium (Sasaki & Bertani, I965) , was used, but without asparagine, and with added IO g./1. NaC1, 5 x io -4 MCaCI~, and trace metals, with a soft agar layer of corresponding composition. The agar used was Difco's Bacto. Strain c-i a was used as indicator in this ease (5 drops of a standing overnight culture in corresponding liquid synthetic medium).
In the stability test, the phage preparations were diluted in parallel tubes containing broth with different calcium or citrate additions, and immediately titrated. The tubes were then placed at 45 ° and after 2 hr assayed again for phage. Survival is the ratio of the latter to the former titre.
Adsorption test. The bacteria to be used were prepared by growing an aerated culture of strain c-Ia to EI~. = 0"9 (measured after fixation in 3 ~o formaldehyde) at wave length 59o nm., adding streptomycin (200 #g./ml.), incubating further for an hour (during which time E increased about 50 ~o, reaching a plateau at 40 to 50 rain.) and storing in cold room. The preparation was used for a series of tests over several months without a detectable loss of adsorbing capacity. For each test a sample of the stored culture (taken after stirring) was centrifuged, resuspended in broth (containing streptomycin 20o #g./ml. and the desired concentration of CaCI~ or sodium citrate) to obtain EI~. = 0"5 at 590 rim. wavelength, corresponding to a bacterial concentration of approximately 5 x io 7 per ml. The adsorption tube, containing o'9 ml. of such a suspension, and a control tube containing an equal volume of the same medium but no bacteria, were placed at 37 °, and o.I ml. of phage suspension in broth was added to each. Phage titrations were made at 24 rain. using a streptomycin resistant indicator, with streptomycin in the agar. The test measures the phage that has not adsorbed irreversibly to the bacteria in the adsorption tube, which are dead because of the earlier exposure to streptomycin, and thus do not support phage reproduction. The results are expressed as the ratio of the phage titre in the adsorption tube to that in the control tube. Whenever decay of the phage was observed in the control tube, it is so indicated in the Results.
RESULTS
Several mutants of bacteriophage P2 were studied in respect of plaque formation, stability and adsorption in the presence of various concentrations of calcium ions.
The mutants (symbols: lg, cc, cai, rd, l, sad) are described below. The corresponding properties of the wild type are first outlined.
Phage P 2 is usually plated on calcium-supplemented agar, since it requires calcium for adsorption as seen for example in Fig. 2 . Nevertheless, the efficiency of plaque formation remains quite high (Fig. 4) over a broad range of calcium concentrations. Adsorption kinetics were of the simple exponential type only over a relatively short range, after which a plateau of seemingly unadsorbing phage was reached. This was not studied in detail. Figure I shows the adsorption kinetics of P2 in the presence of bacteria at the concentration used in all adsorption tests. P2 formed turbid plaques with irregular contour on both complex and synthetic calcium-supplemented agar media. A measure of its heat stability as a function of calcium concentration can be obtained from Fig. 5 .
All of the following mutant derivatives of P2, with the exception of Ig, deviated in some way from the norm in their response to different calcium concentrations. All, with the exception of sad, were of spontaneous origin. All were neutralized by P2-specific antiserum at approximately the same initial rate as P2. Mutants rd and l have been used and partially described before (Bertani, r954) .
P2 lg and P2 lg cc. Over the years, numerous high titre lysates of P2 have been prepared in our laboratory by the method of Bertani & Bertani (I969) . It has been * Each line gives the result of an independent determination. The two sets of experiments, single burst and one step-growth, were done on different occasions and are thus not directly comparable.
t Using the corresponding lysogenic derivatives of strain c-ia. Method of Bertani 095I). The cultures were grown in --2 broth. 40 to 60 plates were used in each experiment.
In broth, following infection in +2"5 broth. Host: c-ia. Multiplicity of infection between 3 and 7 except where indicated. § Multiplicity of infection = i or less. common practice to use a sample of a recent lysate as inoculum for the next, thus granting opportunities for selection. In fact, when the plaques formed by the later lysates were carefully compared with those of the original wild type P2 (as typified by the phage carried by our strain sh-I7, which is the oldest P2 lysogen available), they appeared to be slightly, but definitely, larger. Furthermore, when plating on -20 agar, perhaps two thirds of the plaques were slightly clearer in the centre than the others. The two new plaque types bred true upon recioning. In tracing the change in plaque type among existing samples of old lysates, one of these lysates was found Calcium sensitive phage mutants 1or in which the wild-type phage was still present in low frequency, together with the larger plaque types. Among the latter, the clearer type was in the minority. Apparently these new mutational types were favoured under the conditions used in preparing the high titre lysates. Since the wild-type gave turbid plaques on -20 agar, and, of the two new types, the one with clearer plaques was in the minority in the earliest lysate available, we believe that two mutational steps were involved: the first, from the wild type to the larger, normally turbid, plaque type (designated lg for large), and the second, from this to the dearer plaque type on citrate agar (designated cc for clear on citrate). The increased multiplication of the two new types was also reflected in their larger burst sizes (Table I) , but no differences were observed in the latent period. The lower turbidity of the Ig cc plaques on citrate agar suggests that this phage established lysogeny less readily under these conditions. In adsorption, stability and efficiency of plating with different calcium concentrations, as well as plating on synthetic agar, the mutants did not differ from the wild type.
The mutant cai (for calcium independent) was obtained from an 'early' preparation I02 G. BERTANI, B. K. CHOE AND G. LINDAHL of P2, presumably before the appearance of lg and lg cc types by selecting for phages able to form good plaques on agar without added calcium. It formed plaques with fair efficiency even on -4 ° agar (Fig. 4) and adsorbed better than the wild type in the absence of calcium (Fig. 2) . At the same time, it showed a reduced efficiency of plating, decreased plaque size and extreme instability (Fig. 2, 5, 6 ) when calcium was added, so that it should more properly be described as calcium-sensitive than as calciumindependent. It plated well on synthetic medium, and could be stored satisfactorily when citrate was added to broth or saline. While the plaques of P2 and most of its derivatives, have typically an irregular contour, the mutant rd (for round) was first recognized by the smoother edge of its plaques on nutrient agar with sh as indicator or on synthetic agar medium with strain c-i a. The difference was not seen on nutrient agar with c-strains. P 2 rd clearly differs from wild type in its higher efficiency of plating at extreme citrate concentrations (Fig. 4) , resembling in this P2 eai. It differs however from the latter, not only by its plaque type, but also by its insensitivity to high calcium concentrations (Fig. 4 and 5) .
The mutation l (for large) was obtained in an rd stock as a second step mutation modifying the plaque type, and was later separated from rd by genetic recombination. P 2 l was much more strongly dependent on calcium for adsorption (Fig. 2 ) and plaque formation (Fig. 4) than the wild type. Also, it did not form plaques on the synthetic agar medium. Its stability in the presence of various calcium or citrate concentrations did not seem to differ significantly from that of the wild type. In combination with rd, l appeared to be largely epistatic in respect to plating efficiency (Fig. 4) , adsorption ( Fig. 2) and lack of plaque formation on synthetic agar; rd I plaques could however, Calcium sensitive phage mutants IO3 be distinguished from either rd or l, on the host sh. (Six, I96I) found that, under certain conditions, P2 rd l was less stable than the wild type. The mutant sad (for synthetic agar defective) was first recognized for its inability to plate on synthetic agar medium, in the course of a mutagenesis experiment (ultraviolet irradiation of both phage and host bacteria; technique of Weigle, t953, and L. E. Bertani, i96o) , in which plaques were replicated on agar media of different compositions. Unfortunately, the parental stock was not genetically pure, but was a mixture of P2 lg and Pz Ig cc. Rare plaques (presumably revertants) able to plate on synthetic agar were therefore isolated from the sad phage and examined on -2o agar for the ec character. Since they were not cc the original mutant was designated P2 lg sad. It approached P 2 l in the effect of calcium and citrate on its efficiency of plating (Fig. 4) and adsorption (Fig. 3) , although in this latter respect it was not as strict as l. Its plaques were much better than those of P2 l, probably because of the presence of lg. 
CONCLUSIONS
Several mutants of bacteriophage P2 have been characterized by plaque formation, stability and adsorption, as affected by the concentration of calcium ions in the medium. The changed adsorption specificity due to mutations cai, l and sad indicates that they affect components of the phage tail. The evidence for a change in adsorption specificity is not convincing in the case of the mutation rd. The mutant ctti is peculiar in that, in becoming better adapted to the absence of calcium, it has also become very sensitive to it as shown by the very rapid inactivation of pure preparations of P2 cai in the presence of small concentrations of calcium, A similar, but less striking sensitivity has been recently described in a mutant of phage T4 (Krylov, I966) .
In T4 and some related phages the adsorption cofactor tryptophan decreases the heat stability of the phage particles (Cheng, I956; Kay & Fildes, I962) . The tails of phage P2 and T4 are similar in structure, both having contractile sheaths with base plates to which tail fibres are attached (Anderson, I96O). Mutants of T4 are known which specifically require calcium ions for adsorption in addition to tryptophan (Delbrtick, I948).
The mutation cc, which reduces the efficiency of lysogenization at low calcium ion concentrations, increases the burst size of the phage and does not seem to affect the properties of the phage particles, identifies a gene function involved at some stage in the intracellular development of the phage, and deserves further investigation.
These mutants are interesting to us primarily as material for genetic studies. Some of them have been localized on the genetic map of phage P2 (Lindahl, I969).
